A purely organic guest material with a long triplet excited state lifetime ( > 1 s) was doped into two different -conjugated amorphous hosts with similar glass transition temperatures (T g ). The phosphorescence quenching behavior of the guest material was investigated under vacuum conditions. When doped into a host that did not exhibit intermolecular hydrogen bonding, the of the guest decreased significantly at temperatures below the T g of the host. Conversely, when doped into a host that did exhibit intermolecular hydrogen bonding, the remained almost unaffected at temperatures below the T g of the host. The diffusion coefficient of oxygen, which was largely removed from the host materials under vacuum, was similar for both host materials. These results indicated that weak thermal diffusional motion of a host material intrinsically quenches long-lived triplet excitons of purely organic guest materials.
Introduction
Harnessing triplet excitons of metal-free organic compounds is recognized as being important for optoelectronic [1] [2] [3] and photonic materials [4, 5] . Generally, metal-free aromatic materials with a planar structure (purely organic compounds) have triplet lifetimes ( ) longer than 1 s at cryogenic temperatures when doped into an appropriate host material. The low temperatures suppress thermal diffusion of both the host and oxygen contained within the host. However, there are many other factors that decrease the below 1 ms at ambient temperatures in air [9] , including thermal motion [4, 6] , oxygen diffusion [4, 7] , energy transfer from the aromatic guest to the hosts [4, 8] , and concentration quenching. Energy transfer and concentration quenching of the guest can be minimized by limiting the amount of dopant within a -conjugated amorphous host with a suitably high triplet energy level. However, the quenching of long-lived triplet excitons often occurs even when the host-guest materials are cooled under glass transition temperature (T g ) of the host under vacuum [4] . The observed quenching is attributed to very weak thermal diffusion of the host, which intrinsically quenches the long-lived triplet excitons of the guest. Additionally, oxygen cannot be completely removed from the host, which can also quench long-lived triplet excitons [4] Therefore, some of the quenching process of the long-lived triplet excitons for the purely organic guest was unclear.
Here we investigate the relationship between the long-lived triplet excitons of the purely organic guest N,N -bis(3-methylphenyl)-N,N -bis(phenyl)-9,9 -dimethyl -fluorene (DMFL-TPD) and oxygen diffusion in amorphous hosts -conjugated amorphous hosts, both with similar T g values, were compared. The first host material, 1,3-Di(N-carbazolyl)benzene (mCP), does not contain any hydroxyl units and as such, intermolecular hydrogen bonding was absent. The second, consisted of a mixture composed of 9 wt% -tris(4-hydroxyphenyl)-1-ethyl-4-isopropylbenzene (THEB) and 91 wt% cholesterol. In this case, both compounds contain hydroxyl units that promote intermolecular hydrogen bonding. Imaging of oxygen diffusion using DMFL-TPD based persistent phosphorescence showed that there was no significant difference observed in the oxygen diffusion between the two hosts. However, the of DMFL-TPD doped in the THEB/cholesterol host was 4.2 times longer than that observed when doped in mCP. This indicated that thermal diffusion of the host intrinsically quenched the long-lived triplet excitons of the guest, even when oxygen was absent from the host-guest materials.
Experimental

Materials and sample preparation
The chemical structures of compounds used are shown in Figure 1 . The samples were prepared as follows. Sample 1: a powder mix- ture of 0.3 wt% DMFL-TPD and 99.7 wt% mCP were heated to 220 °C and DMFL-TPD was dissolved into melted mCP. The melted solution was quenched to ambient temperature and the resulting solid was milled to yield a powder (powder 1). Powder 1 was inserted between two glass substrates with a 10-µm gap by capillary action at 220 °C under inert conditions. Sample 1 was quenching to ambient temperature. Sample 2: a powder mixture of 0.3 wt% DMFL-TPD, 9.0 wt% THEB, and 90.7 wt% cholesterol was heated to 220 °C as DMFL-TPD and THEB were dissolved into melted cholesterol. The melted solution was quenched to ambient temperature and the resulting solid was milled to yield a powder (powder 2). Powder 2 was inserted between two glass substrates with a 10-µm gap by capillary action at 220 °C under inert conditions. Sample 2 was quenched to ambient temperature.
DSC Characteristics
Differential scanning calorimetry (DSC) characteristics of powders 1 and 2 were measured using Rigaku, DSC 8230 with a heating rate of 10 and 5 K min 1 , respectively. Prior to the DSC measurements, powders 1 and 2 were vitrified by quenching the materials to ambient temperature from temperatures higher than their melting points.
Photophysical characteristics
Ultraviolet-visible and phosphorescence spectra were measured using Jasco, V-560 and Hamamatsu, PMA-12, respectively. Phosphorescence lifetimes were measured using a time-resolved charge-coupled device (Otsuka Electronics, MCPD-7000) with an excitation unit attached to the spectrophotometer (Jasco, FP-6500). The temperature dependence of the phosphorescence lifetimes were measured by heating each sample from 77 to 370 K using a temperature controller attached to a cryostat (Oxford Ltd., Optistat DN-V).
Oxygen diffusion measurements
The time (t), after which samples 1 and 2 were moved from inert conditions to air was measured. The width of the regions on the edges of samples 1 and 2 that did not exhibit phosphorescence (x) was measured. The diffusion coefficients (D) of the samples were determined using the following equation, 
Results and Discussion
Spectral characteristics of compounds
The absorption spectra of the host and guest compounds are shown in the upper graph of Figure 2 . DMFL-TPD displayed a maximum absorption around 377 nm while the host materials did not absorb in this region in THF solutions. DMFL-TPD displayed blue fluorescence when excited at 377 nm. Additionally, a long-lived green phosphorescence was observed following excitation (solid line of bottom graph, Fig. 2) . The phosphorescence energy of mCP was much larger than that of DMFL-TPD. Although THEB and cholesterol did not show phosphorescence, even at 77 K, their T 1 energy should be greater than that of DMFL-TPD because of their short -conjugation length. Thus, quenching by Dexter energy transfer from DMFL-TPD to the host materials should not occur. The DSC traces of mCP and the THEB/ cholesterol mixture are shown in Figure 3 . The T g values were 340 and 313 K, respectively. These values are comparable with those reported previously [10, 4] . Additionally, light scattering was not observed for samples 1 and 2. Therefore, both host materials are amorphous below their T g . As the T g values of the host materials were similar, we anticipated a comparable temperature dependence of the phosphorescence characteristics under vacuum conditions. 
3.2.
Temperature dependence of phosphorescence lifetime Unexpectedly, samples 1 and 2 showed significantly different temperature-dependent K, DMFL-TPD showed green phosphorescence with a of 1.2 s. The decay behavior remained as single exponential decays as the temperature was increased. It has been reported that the phosphorescence decay characteristics of purely organic compounds change from single exponential to multi exponential decays with increasing temperatures when doped into an amorphous polymer host [4] . This was attributed to quenching of the guests by inhomogeneous local motion of side chains. Plausibly, as samples 1 and 2 did not display multi-decay characteristics with increasing temperatures, the thermal diffusion of mCP may occur homogeneously with increasing temperatures.
A clear difference in the temperature dependence of phosphorescence was observed for samples 1 and 2. The temperature-dependent phosphorescence decay curves of DMFL-TPD in sample 2 are shown in Figure 4 (b). Although samples 1 and 2 displayed similar T g values, the of sample 2 was almost unaffected by changes in temperature below the T g . The temperature dependence of for samples 1 and 2 are shown in Figure 5 . A decrease in the values of for sample 1 was observed at temperatures higher than 158 K, far below the T g of mCP (circle symbols, Figure 5 ). It is possible that this decrease was caused by rotational motion between carbazole and benzene in mCP. Conversely, this decrease in was not observed between 158 K to ambient temperature for sample 2 (square symbols, Figure 5 ), even though the T g of sample 2 was lower than that of sample 1 (Figure 3) . Intermolecular hydrogen bonding is present in the THEB/cholesterol host, which potentially minimizes the motion that quenches the long-lived triplet excitons of DMFL-TPD.
Diffusion coefficient of oxygen
There was no significant difference observed between the rates of oxygen diffusion in samples 1 and 2. Photographs of samples 1 and 2 following irradiation (365 nm) for t = 9 × 10 4 s are shown in Figure 6 . The room temperature phosphorescence (RTP) lifetime is long (sample 1: 0.3 s, sample 2: 1.2 s). As such, RTP images of samples 1 and 2 were detected using a conventional charge coupled detector once excitation was ceased. RTP was not observed near the edges of the sample films due to long -lived RTP of DMFL-TPD. In both samples, the width of these regions (x) increased and eventually saturated with irradiation time (t) ( Figure 7) . The values of D for samples 1 and 2, determined using equation 1, were 6.6 × 10 9 and 3.8 × 10 9 cm 2 s 1 , respectively. These values are comparable with those of conventional rigid amorphous polymer hosts [11] . Typically, amorphous compounds that display intermolecular hydrogen bonding do not undergo large changes in molecular conformation, which in turn may slow very oxygen diffusion [12] . However, the value of D for the THEB/cholesterol host, which does exhibit intermolecular hydrogen bonding, was comparable with that of mCP. This suggested that oxygen can diffuse through the spaces between the rigid cores of the host materials.
Quenching of long-lived triplet excitons
The temperature dependence of the phosphorescence lifetimes indicated that oxygen cannot be completely removed under vacuum and may diffuse through the matrix, quenching the long-lived triplet excitons of the organic guests. The values of D at room temperature did not differ significantly between the mCP and THEB/cholesterol host materials ( Figure 7) . However, large differences in the values of were observed for the samples at room temperature ( Figure  5 ). If oxygen quenched the triplet excitons of DMFL-TPD, the values of for sample 2 should decrease in a similar fashion to those of sample 1 at room temperature. This indicated that the thermal motions of the host material quenched the long-lived triplet excitons of DMFL-TPD. Thus, even in a complete absence of impurities and oxygen, organic guest materials with triplet lifetimes longer than 1 s can be quenched by the host material. Thus, the suppression of the thermal motions of host matrices is required to realize emission from materials with long-lived triplet excitons.
Conclusion
A purely organic guest with a long phosphorescence lifetime was doped into two different amorphous host materials with similar T g values. The quenching behavior of the guest was investigated under vacuum conditions. The phosphorescence lifetime of the guest, doped in a host without intermolecular hydrogen bonding, decreased significantly at temperatures far below the T g of the host. Conversely, the phosphorescence lifetime was unaffected at temperatures below the T g of a rigid host that displayed intermolecular hydrogen bonding. The diffusion coefficient of oxygen was not significantly different between the two hosts. These results indicated that purely organic materials with triplet lifetimes longer than 1 s are intrinsically quenched by the thermal motions of the host. We have shown that by minimizing the thermal motions of a host material using intermolecular hydrogen bonding, the long-lived triplet excitons of a guest can potentially be harnessed.
